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Abstract
Preterm births occur in one out of ten pregnancies, and are responsible for
over 14% of all  deaths in children under two years worldwide. One of the
mainly used treatment to lower the number of  those deaths is to treat the
pregnant  person with  synthetic  glucocorticoids,  to  accelerate maturation of
key organs like the lungs. Glucocorticoids are also produced endogenously by
the pregnant person if they are in a stressful environment or suffering with
depression or anxiety. Glucocorticoids influence the development and function
of  the  hypothalamic-pituitary-adrenal  axis.  In  this  essay,  I  will  review  the
relevant literature to understand how those concepts are linked and how they
work,  and  explain  how  exposure  to  prenatal  stress  and  synthetic
glucocorticoids can permanently change the HPA function, leading to adverse
outcomes for individuals and even their own off-springs.
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Introduction
Since  the  1990s,  researchers  have  reported  an  increase  in  the  rates  of
workers exposed to stress, with current rates as high as 40 % of all workers
(1). In New Zealand, pregnant people can not request their parental leave to
start sooner than 6 weeks prior to their due date (16). Those two facts put
together mean that there is a good chance that pregnant people are exposed
to stress during their pregnancies, and in higher rates than ever before. 

Reactions to stress are controlled in the brain, by the hypothalamus-
pituitary-adrenal  (HPA)  axis,  which  is  one  of  the  main  system  regulating
hormones in humans. Stress is a complex process within the human brain,
but it is can cause an increase in the amount of glucocorticoids in circulation
in the body. This is of particular concern considering statuses of pre-term born
babies, as people at risk for preterm deliveries are often treated with synthetic
glucocorticoids to help develop lungs of the fetus faster. The HPA axis, like
most of the human brain, is formed in utero and programming of this axis
begins there. It  hence seems relevant to wonder how prenatal stress, and
exposure to glucocorticoids in general,  affect  the development of  the HPA
axis,  and  especially  what  long-term  consequences  can  arise  from  those
changes. 

In this essay, I will look into how prenatal stress and maternal exposure
to  glucocorticoid  can  lead  to  permanent  modification  of  the  hypothalamic-
pituitary-adrenal axis in later life and why this is of concern. First, I will explain
what the HPA axis is, and why it influences fetal growth. To do so, I will go
into some details to explain what the HPA axis is and how it’s  function is
programmed. Then, I will address how prenatal stress affects the HPA axis.
Finally, I will explain how synthetic glucocorticoids influence the HPA axis. I
will  conclude  this  essay  by  briefly  summarizing  the  issues  discussed  and
analyses of future work perspectives in this topic.
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1. The HPA axis 
a. The HPA axis regulates glucocorticoids
The HPA axis is the system formed by the hypothalamus, the pituitary gland
and the adrenal glands. One key feedback loop regulated by the HPA axis is
that of cortisol, because “the hippocampus is a target of stress hormones, and
it is an especially plastic and vulnerable region of the brain” (31). The para-
ventricular  nucleus  of  the  hypothalamus  produces  corticotropin-releasing
hormone, which in turns stimulates the pituitary to release adrenocorticotropic
hormone (ACTH). ACTH has a promoting effect on the production of cortisol
from the adrenal glands, and then cortisol activates glucocorticoid receptors
and mineralcorticoid receptors in the hypocampus. If the level of those two
receptors  increase,  so  does  the  activity  level  of  the  HPA axis.  It  is  well-
understood that glucocorticoids are one of the manifestation of stress at the
molecular  level.  For  instance,  in  a  2005  study,  Ron  de  Kloet,  Joëls  and
Holboer reported that “blood concentrations of adrenal glucocorticoids rise”
after exposure to  stress (39).  Hence,  an exposure to  stress,  or  directly to
glucocorticoid,  influences how the cortisol  feedback loop,  regulated by the
HPA axis, will behave.

Furthermore,  several  animal  studies  have  established  a  surge  in
glucocorticoids levels as one of the deciding factor to beginning of parturition.
Even though no definitive evidence indicates the same mechanisms are at
play in humans, the human fetal brain reacts to ACTH, which was reported as
early as 1978 by Seron-Ferré et al. In their study, they were indeed able to
show,  by  analyzing  fetuses  obtained from pregnancy  termination,  that  the
adrenal  gland  responded to  ACTH from 10  weeks of  gestation  (41).  This
suggests that programming of the HPA function begins in utero: how does it
happen?

b. Programming of HPA function 
The HPA axis  begins  to  develop in  utero  alongside  the other  organs and
regulatory systems of the human body. In humans, this development is quite
advanced when the fetus is born, hence most of the programming of the HPA
axis function happens in utero.  The idea behind fetal  programming is that
events occurring in utero can influence the genetic expression in an individual.

Programming of the HPA function occurs through several and complex
mechanisms, but one key one was believed to be the intervention of 11β-
Hysdroxysteroid  dehydrogenase  type  2  (11β-HSD2).  This  enzyme  is
produced  in  the  placenta  to  maintain  the  fetus  in  a  low  glucocorticoid
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environment, as it acts as a barrier, in the placenta, between the pregnant
person and the fetus, which was elegantly shown by Benediktsson in a 1997
study. There, they studied the responses of perfused placenta collected after
normal deliveries, and concluded “11β-HSD potently and efficiently inactivates
maternal  cortisol”  (5).  In  a  2015  study,  Wyrwoll  et  al. examined  a  brain-
specific knock-down of  11β-HSD2 in mice. They however couldn’t see any
significant differences in levels of Crh, Nr3c1 or Nr3c2 mRNA levels in the
fetal PVN and hippocampus, proving that the fetal HPA axis is not directly
affected  by  this  knowout  (50).  Therefore,  even  though  11β-HSD2  greatly
influence  local  glucocorticoid  levels,  recent  evidence  show  that  the
programming of the HPA axis is not directly affect by 11β-HSD2. 

Another  key  programmer  of  HPA  function  is  the  levels  of  glucocorticoid
receptors  and  mineralcorticoid  receptors  in  the  HPA  system.  Indeed,  as
Lingas, Dean and Matthews underlined in a 1999 study, changes in receptor
expression,  as  they  can  occur  in  undernourished  pregnancies,  can  cause
definitive  changes  in  how  the  HPA  axis  regulates  glucocorticoid
concentrations (26).

Now that we understand what the HPA axis is and how it is programmed, how
do exposure  to  increased  levels  of  exo-  and  endo-genous  glucocorticoids
affect the HPA axis? And why is this of concern?
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2. Influence of prenatal stress 

a. Animal studies
The influence of prenatal stress on HPA function and behavioural responses
is well-documented in animals,  with evidence dating back to a 1957 study
which  showed  that  exposure  to  neonatal  stress  modified  how  the  central
nervous system would react to stress in later life (23). 

Many studies have been conducted in rats to demonstrate the effects
of prenatal stress on behaviour, using different methods to create stressful
conditions  such  as  daily  handling,  saline  injections,  and  noise  and  light
stressors. The first study to successfully prove long-term effects of prenatal
stress  on  responses  to  stress  in  later  life  was  conducted  in  1998  by
Weinstock, Poltyrev, Schorerer-Apelbaum, Men, and McCarty (48). In a 2013
study,  Fabiola  et  al.  randomly  affected  rats  to  be  either  subjected  to
gestational stress or to serve as controls. They noted that the profiles of the
transcriptomic brain in off-springs subjected to prenatal stress had significant
changes in key genes responsible for proper development of neuropathology.
Those results indicated that “prenatal stress modifies epigenetic signatures
linked  to  disease  during  critical  periods  of  fetal  brain  development”  (15).
Studies conducted on guinea pigs have similarly indicated that prenatal stress
influences HPA function. In 1986, Cadet, Pradier, Dalle, and Delost submitted
pregnant guinea-pigs to psychosomatic stress, and observed in 12-days old
pups lower  responses in  the  HPA axis  when the  pups were  submitted  to
stress compared with pups who had not been exposed to prenatal stress. (7).
Similar  results  were  shown  in  primates  as  well,  with  prenatally  stressed
monkeys showing altered HPA reactivity  to  stress (40)  and higher  cortisol
levels, which indicates an altered HPA activity, at 2 to 3 years of age (8).

Animal  studies  have  also  reported  a  significant  difference  in  how
prenatal stress impacts the HPA axis depending on the sex of the offspring.
As  early  as  1992,  a  study  showed  that  prenatal  stress  not  only  caused
permanent  modifications  in  the  rat  brain,  but  even  that  it  could  have  a
“selective effect on the HPA axis” in females (49). Other studies in the second
half  of  1990s  came  to  similar  conclusions,  showing  that  the  influence  of
prenatal stress on the HPA axis depends on the sex of the individual, with
increased levels of plasma ACTH levels in response to restraint in female but
not in males (REF- McCormick), altered patterns of corticosterone in females
(22) and impaired spatial learning in males but not females (43). More recent
studies  were  also  conducted  on  this  matter,  showing  expression  of  key
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proteins  such  as  IGFBP-1  in  male  placentas  but  not  females  (33)  and
decreased complexity of the dentrites in the prelimbic cortex in male but not
female  rats  (42).  Together,  those  studies  indicate  that  the  way  in  which
prenatal stress influences the HPA axis is sex-specific, but the details of the
mechanisms  and  outcomes  of  those  differences  remain  to  be  fully
understood.

HPA function has been shown to  be impaired by prenatal  stress in
several  animal  studies,  and  those  changes  are  sex-specific.  Can  we  see
similar impacts on humans?

b. Human studies
As in animal studies, adverse outcomes caused by prenatal stress are well-
documented in humans, but they are seldom conducted on fetuses, for ethics
reasons.  In  one  captivating  study,  Giesbrecht,  Campbell,  Letourneau,
Kooistra and Kaplan did assess the link between fetal  development and a
stressful environment for the pregnant person. They measured cortisol levels
for a period of three days, and concluded that cortisol appeared to be playing
a role in how prenatal stress affects the fetal development (18).

A few studies have been conducted on associations between prenatal
stress and activity of the HPA axis. In two studies (34 and 37), the effects of
prenatal stress on methylation of the human NR3C1 gene was studied, which
is  of  interest  as  it  is  the  glucocorticoid  receptor  encoding  gene  (34).
Oberlander  et  al. showed that  when the  pregnant  person was anxious or
depressed in the third trimester, the cortisol stress responses, measured in
the saliva at  3  months of  age,  were higher  than for  babies for  whom the
pregnant person was not dealing with anxiety or depression (37). Mulligan et
al. observed the impact of extreme prenatal stress in the Democratic Republic
of  Congo  on  methylation  (34).  Both  studies  concluded  that  the  increased
methylation in  NR3C1 could impact  how the HPA axis  regulates stress in
future life, also it might not be the only regulator at play.

Studies in the humans, as I mentioned above, are more complicated
for ethics reasons. That is why, is many cases, the studies conducted observe
behaviour rather than molecular changes. In this manner, prenatal exposure
to stress has been linked to several adverse outcomes. In one very interesting
study in 2011, Davis, Glynn, Waffarn and Sandman effectively shown than
prenatal  stress influences how neonates can deal  with stressful  situations.
They  repetitively  measured  plasma  cortisol  levels  and  reported  levels  of
stress  in  pregnant  people  during  their  pregnancies,  and  then  evaluated
responses to a heel-stick blood draw 24 hours after birth. They were able to
correlate a slower rate of  recovery from the procedure to  higher  levels  of
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stress felt during the pregnancy (11). Studies done this early after birth are not
numerous, but the effects of exposure to prenatal stress do not stop there. At
2 years of age,  there is  a small  correlation between exposure to prenatal
stress  and  attention  deficit  hyperactivity  disorder  or  autistic  traits  –
independently, as shown by Ronald, Pennel and Whitehouse (14).

Exposure to prenatal stress also has long-term effects on humans. A
few studies have indeed been conducted on this matter, and in 2012, Vedhara
et al. showed that at 15 years of years, the HPA axis response of individuals
exposed  to  stress  in  utero were  still  less  effective  than  controls:  when
subjected  to  stress,  the  reactivity  to  the  stressor  was  lessened  and  the
recovery took longer (46). One elegant study conducted in 2009 by LeWinn et
al. even showed that prenatal stress could be associated with poorer cognitive
skills at age 7. This study’s results are quite interesting as the researchers
compared  individuals  within  a  family  –  so  with  the  same  postnatal
environment (24). Finally, a prospective study on children at 15 years of age
draw  similar  conclusions  by  looking  at  the  diurnal  cortisol  levels  in  the
participating children (36).  Those studies all  point  to  the same conclusion:
exposure  to  prenatal  stress  has  lasting  consequences  on  the  affected
individuals. 

I  could  only  find  one  study  correlating  prenatal  stress  exposure  to
adverse outcomes depending on the sex of the individual, conducted by Li et
al.  and in  which  they concluded that  at  10  years of  age,  it  lead to  lower
reading scores in girls than in controls, but higher reading scores in boys than
in controls (25). The reasons behind those disparities are not yet known.

Both animal and human studies have shown that exposure to prenatal stress
can lead to permanent modifications of the HPA axis and lead to adverse
outcomes,  such as less effective responses to stressful  situations,  autism,
attention deficit hyperactivity disorder or poorer cognitive skills, some in a sex-
specific  manner.  Do  we  have  evidence  of  similar  results  with  synthetic
glucocorticoid exposure?
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3. Influence of synthetic
glucocorticoids 

Synthetic  glucocorticoids  and  how  they  impact  fetal  and  adult  life  are  of
importance as they are routinely  proscribed to  pregnant  people at  risk for
preterm deliveries, which are about 10% of all pregnancies. In Australia, for
instance,  97%  of  obstetricians  prescribe  them  in  cases  of  uncomplicated
preterm  labor  (38).  Keeping  in  mind  the  conclusions  we  came  to  in  the
previous section of this essay, it hence makes sense to wonder about the risk/
benefit aspect of synthetic glucocorticoids.

a. Animal studies
Many animal studies have been conducted to observe the effects of synthetic
glucocorticoids on fetal and adult development. Studies done at the molecular
level  showed that  differentiation  of  cells  in  the  hippocampus was lower  in
monkeys  exposed  in  utero to  synthetic  glucocorticoids  (44),  and  that  the
response  to  a  stressful  stimulus  was  exaggerated  which  indicated
programming of  the HPA axis  (12),  both  studies  being done with  multiple
courses of synthetic glucocorticoids, in a time span much smaller than what
happens in practise in human pregnancies. In the guinea pig, in an earlier
study, McCabe,  Marash, Li  and Matthews showed that “repeated maternal
glucocorticoid  treatment  inhibits  fetal  HPA  function”  (29)  by  looking  at
corticotropin-releasing  hormone.  More  recently,  Crudo  et  al. analysed
responses in the HPA axis to synthetic glucocorticoid treatment and came to
similar results, that is that the “transcriptional and epigenetic landscape of the
developing fetal hippocampus” was significantly impact by the treatment (10). 

Those studies,  while relevant to understand how exactly exogenous
glucocorticoids affect the HPA axis, have poor translational power to examine
the current  state of  synthetic glucocorticoid intake in humans.  That is why
some researchers have conducted studies with similar quantities of synthetic
glucocorticoids administered to pregnant animals. In 2011, Audette, Challis,
Jones, Sibley and Matthews showed that synthetic glucocorticoid treatment in
the mouse can lead to “a reduction in availability of neutral amino acids to the
fetus” (4). In 2002, Antonow-Schlorke, Schwab, Li and Nathanielz elegantly
showed  that  adverse  events  could  come  out  of  doses  of  synthetic
glucocorticoids equivalent to 12mg of betamethasome, given daily over two
consecutive days, in a 70kg pregnant person  (3). 

A  few studies  have also  been done to  see the  effects  of  synthetic
glucocorticoids intake on the behaviour of the animals. Hauser et al.  studied
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what  happens  to  marmoset  monkeys  when  subjected  to  dexamethasone
treatment (21). Dexamethasone is indeed the most commonly used form of
synthetic glucocorticoids, with over 90% of Australian obstetricians using it
(17). Hauser  et al.  were able to show for the first time that overexposure to
synthetic glucocorticoids leads to “abnormal development of motor, affective
and cognitive behaviors” (21).

As  with  endogenous  glucocorticoids,  exposure  to  synthetic
glucocorticoids appears to have sex-specific effects. Dean, Yu, Lingas and
Matthews treated guinea pigs with dexamethasone and observed numerous
sex-specific outcomes, such as the concentration of cortisol in the plasma, the
importance of the cortisol  response to isolation stress,  and levels of  basal
cortisol (13). In another study, Liu, Li and Matthews reported that exposure to
synthetic glucocorticoids prenatally resulted in lower brain-to-body weight ratio
in males but not in females (28).

Finally,  the effects  of  synthetic  glucocorticoids appears to  be trans-
generational, meaning that not only are individuals affected, but their own off-
springs might be affected as well, as Crudo et al. concluded in 2012 (9).

b. Human studies
As I mentioned before, synthetic glucocorticoids are given to pregnant

people at risk for pre-term deliveries, which in 2010 were still the cause for
14.1%  of  deaths  in  children  under  5  years  globally  (27).  It  became  a
systematic preventive treatment in many countries,  including Australia (38)
and the UK (6), after a consensus of experts concluded in 1995 that it would
“result in a substantial decrease in neonatal morbidity” (19). The focus of the
scientific community, in the last couple of decades, has hence not been on
whether or not to use synthetic glucocorticoids, as they help lower the infant
mortality rates, but how much and when in the pregnancy they should be
administered.  It  is  however  worth  noting  that  known  adverse  effects  of
synthetic glucocorticoids treatment include lower brain maturation (32) and
lower density of the neurons in the hippocampus (45).

As  early  as  2000,  the  National  Institutes  of  Health  Consensus
Development  Panel  advocated  that,  considering  the  lack  of  data  on  the
subject, “repeat courses of antenatal corticosteroids [...] should be reserved
for patients enrolled in clinical  trials” (2).  From 1996 to 2000, Guinn  et al.
conducted  a  randomized,  double-blind,  placebo-controlled  trial  where
pregnant  people  received  either  a  placebo  of  repeated  doses  of
dexamethasone. They noted that the number of doses did not have positive
effects on the neonatal morbidity, compared to a single course treatment (20).
Those results  warranted for a single dose of synthetic glucocorticoids,  but
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further  research was needed to  see whether  similar  conclusions could  be
drawn in the long-term.

Studies conducted in 2007 and 2008 seem to point towards the same
conclusions:  that  repeated  use  of  synthetic  glucocorticoids  are  not
recommanded as they provide not benefits. For example, Wapner et al.  (47)
and Murphy et al. (35) came to such conclusions after conducting randomised
control trials on large numbers of pregnancies (respectively, 1858 and 556).
They  also  noted  adverse  events  arising  from  giving  repeated  courses  of
synthetic  glucocorticoids,  including  lower  weigh  at  birth,  smaller  head
conference (35) and, also not significantly so, a higher amount of  children
affected by cerebral palsy (47). 

Though more research is needed to understand the mechanisms in which
synthetic  glucocorticoids  affect  the  HPA  axis,  the  literature  agrees  that
multiple courses should not be recommanded.
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Conclusion
Fetuses  are  exposed  in  utero to  both  endogenous  and  exogenous
glucocorticoids,  as  the  pregnant  person  can  be  affected  by  a  stressful
environment or dealing with stress-related diseases such as depression or
anxiety, and can be treated with synthetic glucocorticoids – mainly in the form
of dexamethasone – to improve pre-term birth outcomes. This exposure as
several  consequences  to  the  hypothalamic-pituitary-adrenal  axis,  including
modifying  the  way  it  responds  to  stress  in  future  life,  which  can  lead  to
permanent modification of this function. In that case, although I did not find
evidence of it in humans, the modification of the HPA axis could also influence
outcomes for off-springs of the affected individual. As for any subject,  it  is
difficult to apprehend the translational power of animal studies to human ones.

Future work in this field will find value in working to better understand
when  precisely  in  the  pregnancy  synthetic  glucocorticoids  should  be
administered to ensure the best possible outcome.

This essay was limited by the time available to conduct the literature
review, and hence some secondary aspects of the question might have been
overlooked. There was no conflict of interest during my writing of this essay
apart  from the fact  that  it  will  count  for  part  of  my grade in  the  Perinatal
Physiology and Medicine Course at the University of Auckland.
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